Metchnikovellids are highly specialized hyperparasites, which infect and reproduce inside gregarines (Apicomplexa) inhabiting marine invertebrates. Their phylogenetic affiliation was under constant discussion until recently, when analysis of the first near-complete metchnikovellid genome, that of Amphiamblys sp., placed it in a basal position with respect to most Microsporidia. Microsporidia are a highly diversified lineage of extremely reduced parasites related to Rozellida (Rozellosporidia ¼ Rozellomycota ¼ Cryptomycota) within the Holomycota clade of Opisthokonta. By sequencing DNA from a single-isolated infected gregarine cell we obtained an almost complete genome of a second metchnikovellid species, and the first one of a taxonomically described and well-documented species, Metchnikovella incurvata. Our phylogenomic analyses show that, despite being considerably divergent from each other, M. incurvata forms a monophyletic group with Amphiamplys sp., and confirm that metchnikovellids are one of the deep branches of Microsporidia. Comparative genomic analysis demonstrates that, like most Microsporidia, metchnikovellids lack mitochondrial genes involved in energy transduction and are thus incapable of synthesizing their own ATP via mitochondrial oxidative phosphorylation. They also lack the horizontally acquired ATP transporters widespread in most Microsporidia. We hypothesize that a family of mitochondrial carrier proteins evolved to transport ATP from the host into the metchnikovellid cell. We observe the progressive reduction of genes involved in DNA repair pathways along the evolutionary path of Microsporidia, which might explain, at least partly, the extremely high evolutionary rate of the most derived species. Our data also suggest that genome reduction and acquisition of novel genes co-occurred during the adaptation of Microsporidia to their hosts.
Introduction
Microsporidia (Opisthokonta) are a highly specialized group of intracellular parasites. This phylum currently includes between 1,300 and 1,500 described species, which parasitize diverse animal groups and, less frequently, protists (V avra and Luke s 2013). Among their animal hosts, many have economic importance, such as silkworms, honey bees, and fish. They can also be opportunistic parasites of humans, being particularly harmful in immunosuppressed patients (Didier et al. 2004; Didier and Weiss 2006, 2011) . Microsporidia harbor some of the most reduced genomes among eukaryotes (Corradi et al. 2010) . During the course of evolution, members of this lineage have lost or drastically simplified several typical eukaryotic features, including canonical mitochondria (Embley and Martin 2006) , the flagellum (James et al. 2006 ) and a conventional Golgi apparatus (Beznoussenko et al. 2007) . Although their evolutionary history has been essentially reductive, Microsporidia have also developed key evolutionary innovations, such as a unique infection apparatus, the polar tube, which serves to penetrate the host (Wittner and Weiss 1999) .
For a long time Microsporidia were erroneously thought to be the deepest branching eukaryotes (Leipe et al. 1993; Kamaishi et al. 1996) until the discovery that this result was likely due to a long branch attraction artefact produced by the fast evolutionary rate of these organisms (Philippe et al. 2000) . Recently, the position of Microsporidia as close fungal relatives has been recurrently substantiated (Capella-Guti errez et al. 2012; James et al. 2013 ). In particular, Microsporidia appeared to be related to a diverse clade of parasitic organisms known as rozellids-synonymic taxonomic designations: Rozellida (Lara et al. 2010) , Cryptomycota (Jones et al. 2011) , Rozellomycota (Corsaro et al. 2014) , Rozellosporidia (Karpov et al. 2017) . However, the precise reconstruction of their phylogenetic relationships and evolutionary traits remains problematic due to their high evolutionary rates, reduction or loss of cellular organelles, and loss of core metabolic routes (Williams et al. 2002; Thomarat et al. 2004; Corradi et al. 2010) . Until recently, the only rozellid species with a sequenced genome was Rozella allomyces. In recent years, more sequence data for more or less distant relatives of Rozella and early-branching Microsporidia have been made available, opening up the possibility to carry out comparative genomic analyses and gain insights in the genome reduction process that seemingly occurred along the Microsporidia branch. These include the genomic surveys on the earlybranching Mitosporidium daphniae (Haag et al. 2014) , which is the only microsporidium with functional DNA-containing mitochondria described to date, and the rozellid Paramicrosporidium saccamoebae, branching at a somewhat intermediate position between Rozella and Mitosporidium (Quandt et al. 2017) . Another key deeply branching lineage along the Microsporidia branch is that of metchnikovellids.
The metchnikovellids (taxonomically designated as the family Metchnikovellidae; Caullery and Mesnil, 1914) unites hyperparasites of gregarines (Apicomplexa) that inhabit the intestinal tract of marine annelids (Vivier 1975) . Only a few genera have been described to date, including Amphiamblys, Amphiacantha, and Metchnikovella. Some members of the clade, such as Metchnikovella incurvata, have been known for >100 years (Caullery and Mesnil 1914) . The phylogenetic affiliation of this long-standing incertae sedis group has been debated over time. Because of their morphological and ultrastructural characteristics, metchnikovellids were often thought to be related to Microsporidia (Sprague 1977) . Indeed, like most Microsporidia, they lack canonical mitochondria. However, their spores do not exhibit some key microsporidian features, such as the coiled polar filament, the polaroplast and a merogonial proliferation in the life cycle (Sokolova et al. 2013) . Phylogenomic analysis of the first available genome of a metchnikovellid, that of Amphiamblys sp. (Mikhailov et al. 2017 ) placed this lineage as the sister group of all derived Microsporidia with the exception of M. daphniae, which was placed close to the root of Microsporidia, thereby confirming the long-held suspicion that the metchnikovellids are early diverged Microsporidia. The analysis of the Amphiamblys sp. genome revealed some remarkable features, such as the absence of the ATP/ADP translocase family, which is ubiquitous in all derived Microsporidia (Tsaousis et al. 2008) , and raised the question of how metchnikovellids obtain ATP without this transporter. However, although seemingly quite complete, the amplified Amphiamblys sp. genome is nonetheless partial and these peculiar features need to be verified in other members of the group. Obtaining novel metchnikovellid genome sequences might thus be very useful to determine synapomorphies for the clade and refine the evolutionary path to extreme genome reduction observed along the Microsporidia branch.
In this study, we have analyzed the genome of a second metchnikovellid species, M. incurvata. This is the first genomic and phylogenetic study of a taxonomically described and welldocumented metchnikovellid species (Sokolova et al. 2013; Rotari et al. 2015) . Our results confirm the monophyly of Amphiamblys and Metchnikovella and strongly support the notion that metchnikovellids branch deeply in the Microsporidia lineage, providing insights into the evolution of the Microsporidia proteome along the diversification of this lineage.
Materials and Methods

Biological Samples
Individual cells of the gregarine Polyrhabdina sp. infected with the metchnikovellid M. incurvata were isolated from the intestinal tract of the polychaete Pygospio elegans. Polychaetes were collected from the Levin Reach silt littoral zone in the Chupa Inlet of the Kandalaksha Gulf, located in the White Sea (66 17 0 52.68 00 N, 33 27 0 46.44 00 E). Polychaetes were dissected and infected gregarine cells were individually isolated, washed by successive passage into filtered seawater droplets, and sorted into separate tubes for further analyses. At light microscopic level the infected gregarines were easily recognized by the presence of rounded and oval inclusions ( fig. 1A and B) or by elongated and slightly curved cysts inside the cytoplasm ( fig. 1C ). On the basis of the individual characters used for the species identification within the genus Metchnikovella, the super-host range, the host range, the size and shape of the observed cysts (Sokolova et al. 2013; Rotari et al. 2015 ) the microsporidium was identified as M. incurvata.
Single-Cell Genome Amplification and Sequencing
Total DNA extraction was performed on one single-isolated infected gregarine cell (containing proliferating cells of M. incurvata; see fig. 1A ) using the PicoPure kit (Thermo Fisher Scientific) according to the manufacturer's protocol. Whole genome amplification (WGA) of the DNA purified from this single infected gregarine was carried out using two methodologies, either multiple displacement amplification (MDA) with the REPLI-g kit (QIAGEN) or amplification with the MALBAC single cell WGA kit (Yikon Genomics), following the manufacturer's protocols. We then proceeded to exclude single amplified genomes (SAGs) which did not yield the expected metchnikovellid 18S rDNA amplicons when tested by PCR amplification. Three independent WGA reactions were done on DNA extracted from the individually isolated gregarine cell documented in figure 1A : Two MDA reactions (LNA5-MDA1 and LNA5-MDA2) and one MALBAC reaction (LNA5-MALBAC). DNA amplification was confirmed by assessing the DNA quantity using Qubit fluorometric quantification (Life Technologies), together with PCR amplification and Sanger sequencing of the 18S rRNA gene. From the two MDA reactions performed for the same sample, we obtained a DNA concentration of 60 ng/ml (LNA5-MDA1) and 129.2 ng/ ml (LNA5-MDA2), and for the MALBAC reaction, we obtained 23.4 ng/ml (LNA5-MALBAC). Since the MALBAC sample did not yield a high DNA amount and since we failed to amplify the 18S rRNA gene, we proceeded to sequence one of the MDA samples (LNA5-MDA1). We prepared two WGA TruSeq Paired-end libraries from this sample and sequenced them on a HiSeq 2500 Illumina instrument (2 Â 125 bp) chemistry v4. For each library, we obtained 102,700,329 reads for a total length of 25,675 Mbp and 99,095,593 reads for a total length of 24,774 Mbp, respectively.
Genome Decontamination, Assembly, and Annotation
The quality of the paired-end reads was assessed with FastQC (Andrews 2010) before and after quality trimming. We then trimmed the Illumina adapters with Trimmomatic v0.32 in Paired End mode (Bolger et al. 2014) , with a minimal length of 100 bp, removing the first 15 bp, a minimum quality allowed of 20 at the beginning and end of the read. Trimmed pair-end reads were assembled using SPAdes 3.9.1 in single-cell mode (Bankevich et al. 2012) , with four k-mer values (25, 77, 99, 117) ; two assembly rounds were performed, one before and one after decontamination. The first round resulted in an assembly of 6.45 Mb formed by 1,667 contigs of prokaryotic and eukaryotic origin. To decontaminate the assembly, we used BlobTools (Kumar et al. 2013; Laetsch and Blaxter 2017) , generating taxonannotated GC plots. We then eliminated abundant contaminant prokaryotic reads identified in the generated plots. We also removed a few reads that were suspected to belong to the apicomplexan or to the polychaetan hosts by the BlobTools taxonomic identity; these reads were manually inspected with BlastN (Altschul et al. 1990 ) prior to removal. Surprisingly, there were almost no contaminating reads coming from the apicomplexan host, likely due to the advanced stage of M. incurvata infection. After decontamination, the remaining reads underwent a second round of assembly, and were again analyzed with BlobTools to confirm the success of the decontamination procedure (supplementary fig. S1 , Supplementary Material online). The final M. incurvata assembly had 5.39 Mb and 1,257 contigs. The statistics of the final assembled genome were assessed with QUAST 4.5 (Gurevich et al. 2013 ) and Qualimap v2.2.1 (Okonechnikov et al. 2015) for coverage estimation. De novo functional gene annotation for the M. incurvata genome was performed using two gene prediction programs: Augustus 3.0.3 (Stanke and Morgenstern 2005) and GeneMarkS v3.26 (Besemer et al. 2001) . A few potential introns were predicted by Augustus, but further exploration using BlastX (BLAST 2.6.0; Altschul et al. 1997 ) against a wide diversity of eukaryotic proteomes included in our local database, rejected them. We used GeneMarkS, an intronless gene prediction algorithm, for gene prediction in the M. incurvata genome. Repetitive elements in the genome of M. incurvata were searched using RepeatModeler 1.0.10 (Smit et al. 1996) . We generated a custom library of repetitive families with RepeatModeler. The resulting sequences were subsequently aligned to the M. incurvata assembly and masked by RepeatMasker 4.0 (Smit et al. 2013) to provide a table of the distribution of repetitive element families for the group. This annotation of families of repetitive elements was done including several control genomes to confirm the consistency and quality of the annotation. To assess the completeness of the M. incurvata genome, we used BUSCO v2.0.1 (Simão et al. 2015) on the annotated genes with the Fungi and Microsporidia data sets of near-universal single-copy orthologs.
Phylogenetic Analyses
We reconstructed molecular phylogenetic trees of the 18S rRNA genes and phylogenomic analyses of a multigene data set using maximum likelihood (ML) methods (Felsenstein 1981) and Bayesian inference (BI; Huelsenbeck and Ronquist 2001) . All alignments were performed using MAFFT v7.388 (Katoh and Standley 2013) with default parameters. Alignments were inspected manually using Geneious v6.0.6 (Kearse et al. 2012) , and trimmed from ambiguously aligned regions and gaps using trimAl v1.2 in automated1 mode (Capella-Guti errez et al. 2009 ). For the 18S rRNA, ML inferences were done using IQ-TREE v1.6.2 (Nguyen et al. 2015) applying the TIM3 model with four gamma categories and empirical base frequencies (FþG4), which was the best fit model chosen by BIC (Posada, 2008) . 18S rRNA BI analyses were performed using Phylobayes v1.5a Philippe 2004, 2006; Lartillot et al. 2007 ), under the CAT-Poisson evolutionary model. Two independent MCMC chains for each data set were run for 10,000 cycles and summarized with a 25% burn-in. For the multigene phylogenomic analyses we used a previously assembled 56 Single-Copy Protein Domains (SCPD) data set (Torruella et al. 2012 ) containing 32 representatives of the Holomycota clade and 5 other Amorphea species as outgroup (2 Holozoa, 1 Apusomonadida, and 2 Amoebozoa). Proteome data were obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank, last accessed February 25, 2018), except for the proteomes of Antonospora locustae, Mortierella alpina, Rhizopus oryzae, and Lichtheimia corymbifera, which were obtained from the JGI Genome Portal (http://genome.jgi.doe.gov/, last accessed January 22, 2018). ML analyses were performed using IQ-TREE v1.6.2 (Nguyen et al. 2015) applying the LG evolutionary model with four gamma categories, empirical amino acid frequencies and a proportion of invariable sites (LG þ F þ I þ G4), which was the best fit model according to BIC. The BI analyses of the SCPD data set were performed with Phylobayes v1.5a Philippe 2004, 2006; Lartillot et al. 2007 ), under the CAT-Poisson evolutionary model. Two independent MCMC chains for each data set were run for 10,000 cycles and summarized with 25% burn-in. All trees were visualized using FigTree v1.4.3 (Rambaut 2016 ).
Functional Annotation of the Predicted Proteome
Assignment of Gene Ontology (GO) terms to the M. incurvata proteome was done using the eggNOG-mapper from the EggNOG v4.5 (Huerta-Cepas et al. 2017) database, using DIAMOND as mapping mode, and the taxonomic scope to adjust automatically. We did this for 12 Holomycota proteomes (1 Fungi, 2 Cryptomycota, and 9 Microsporidia). We used the native R heatmap function (R Development Core Team 2014) to plot a proteome comparison between 73 different core GO terms. We also compared GO terms of gene/ pathways involved in DNA repair for 27 holomycotan proteomes, specifically GOs involved in homologous recombination, nonhomologous end joining, mismatch repair, nucleotide-excision repair, and base-excision repair. In addition, we used HMMER 3.1b2 software (Finn et al. 2011) to search for specific genes of interest in the M. incurvata proteome, including 15 genes reported to have been acquired by Microsporidia by horizontal gene transfer (HGT; Tsaousis et al. 2008 ; Marcet-Houben and Gabald on 2010; Xiang et al. 2010; Heinz et al. 2012; Pombert et al. 2012; Nakjang et al. 2013; Alexander et al. 2016 ).
Gene Gain and Loss Analysis
We selected the 37 opisthokont proteomes used for the phylogenomic analysis, including that of M. incurvata, and carried out orthologue clustering with OrthoFinder v1.1.20 (Emms and Kelly 2015) with default parameters. We identified 12,448 orthogroups, of which 792 were genome-specific. To infer gene gain and loss in protein families along the Microsporidia line, we then applied the Dollo parsimony method implemented in the Count software (Csurö s 2010) on the phylogenomic tree topology obtained by BI. Finally, specific metchnikovellid orthologs were later validated with HMMER search (Finn et al. 2011 ) on EggNOG v4.5 (HuertaCepas et al. 2017 ).
Data Availability
Data generated for this study has been deposited at DDBJ/ ENA/GenBank under the BioProject number PRJNA477760, Evolutionary Genomics of Metchnikovella incurvata the SRA accession number SRP151413, and the Whole Genome Shotgun project QXFS00000000.
Results and Discussion
Genome Organization and Repetitive Elements
After the amplification and Illumina sequencing of the M. incurvata genome from one single gregarine cell ( fig. 1A) , we generated an initial draft genome of 6.45 Mb, with an N50 of 14,687 bp. After decontamination of the identified nonmetchnikovellid sequences (supplementary fig. S1 , Supplementary Material online), we obtained a genome of 5.4 Mb with a N50 of 14,622 bp and a GC content of 32.62%, encoding a total of 2,803 proteins (table 1). The sequence coverage distribution along the genome followed a normal distribution with a notably high mean of $7000Â (supplementary fig. S2 , Supplementary Material online), a result that might be expected after the MDA amplification of a relatively small genome. To assess the completeness of this genome, we conducted a BUSCO analysis using as reference the Fungi and Microsporidia data sets of near-universal singlecopy orthologs (supplementary table S1, Supplementary Material online). The fungal data set provided a better coverage of the early branching metchnikovellid genome, as it allowed us to identify 196 complete single-copy, 6 duplicated, 31 fragmented, and 57 missing core orthologs, from a total of 290. This allowed inferring $80% genome completeness for the M. incurvata genome sequence, which is comparable to that for the Amphiamblys sp. genome (90%; Mikhailov et al. 2017) .
Around 43% of the M. incurvata genome corresponded to coding regions (similar to the 46% seen in Amphiamblys sp.). Repetitive elements accounted for 17.53% of the whole genome, most of which were interspersed repeats (16.2% of the genome; supplementary table S2, Supplementary Material online). To compare our results to those of previous reports we calculated the percentage of repetitive elements in other members of the group (table 1) . For Amphiamblys sp. we inferred that 32.6% of the genome corresponded to repetitive sequences; similar to the 30% calculated by Mikhailov et al. (2017) . However, the percentage of repetitive elements that we found in P. saccamoebae, was 5.92%, ten times the percentage (0.53%) reported by Quandt et al. (2017) . Interestingly, the percentage of repetitive elements in organisms with smaller genomes was higher than that in those with larger genomes. This might seem at odds with the tendency of Microsporidia towards genome reduction and compaction. Nonetheless, these repetitive elements could be involved in the genome reduction process, as their presence often accompanies pseudogenization and gene loss (Lynch and Conery 2000; Jurka 2004; Dewannieux and Heidmann 2005) . At the same time, the presence and relative abundance of repetitive elements in Microsporidia could also play an important role in the adaptation and evolution of this lineage (Parisot et al. 2014) . Repetitive elements contribute to genome plasticity in several organisms (Bi emont 2010) , including closely related fungi. Accordingly, they might contribute to the adaptation to different hosts (Dean 2005; Amyotte et al. 2012; Raffaele and Kamoun 2012) . In the case of the microsporidium Anncaliia algerae, these elements might be speculated to help eluding the host immune system by acting as a lure (Panek et al. 2014) .
The loss of introns and spliceosome activity is thought to have occurred independently in several Microsporidia lineages. Similarly to Amphiamblys sp. (Mikhailov et al. 2017 ), M. incurvata seems to lack introns and, consequently, the spliceosome machinery is practically inexistent. For example, neither M. incurvata nor Amphiamblys sp. seem to possess genes coding for Sf3b1 and Prp8 (two proteins that form the spliceosome catalytic core); these genes have been found in Microsporidia with active splicing (Desjardins et al. 2015) . However, we found a RtcB-like ligase involved in tRNA splicing and repair (supplementary fig. S3 , Supplementary Material online). This gene is ubiquitous in all eukaryote groups, except fungi, but is present in Microsporidia including M. daphniae (Haag et al. 2014) . We have also found this gene in P. saccamoebae. Therefore, it was likely present in the last common holomycotan ancestor and retained during the evolution and diversification of Microsporidia as intracellular parasites. It has been hypothesized that, in bacteria, RctB may be involved in repair from stress-induced RNA damage; their homologs might catalyze tRNA repair or splicing reactions in archaea and eukaryotes . Consequently, RctB in Microsporidia possibly evolved to cope with RNA damage (Thomarat et al. 2004 ). Microsporidia are classically thought to lack canonical mitochondria and to possess instead mitosomes, which are highly reduced mitochondrial-derived organelles without respiratory function, involved in the biosynthesis of iron-sulfur clusters essential for many proteins (Hirt et al. 1997; Tsaousis et al. 2008; Waller et al. 2009; Boniecki et al. 2017; Freibert et al. 2017) . However, recent studies have shown that the early-branching microsporidium M. daphniae and the closely related P. saccamoebae still possess mitochondria. Since the phylogenetic position of Metchnikovellidae lies between Microsporidia with and without mitochondria, they might have retained intermediate mitochondria-related organelles important to understand the transition towards mitosomes. We found genes coding for both mitochondrial Hsp70 and the essential sulfur donor Nfs1 (which is of mitochondrial origin) (Emelyanov 2003) in the M. incurvata genome (supplementary fig. S4 , Supplementary Material online). These genes were also present in Amphiamblys sp. and in all Microsporidia with a mitosome (Tsaousis et al. 2008) . They seem to play a key role in mitosomes, being required for the maturation of diverse functional proteins (Kispal et al. 2005 ). The Hsp70 gene phylogeny was congruent with the known phylogeny of Microsporidia (supplementary fig. S4A , Supplementary Material online). We did not find any genes related to the main mitochondrial metabolic routes, such as a functional oxidative phosphorylation or the tricarboxylic acid cycle (supplementary table S3, Supplementary Material online). Therefore, the metchnikovellid mitochondrion-derived organelle seems to resemble more a microsporidian mitosome than the M. daphniae or P. saccamoebae mitochondria.
Phylogenomics of M. incurvata
We identified the 18S rRNA gene sequence in the M. incurvata assembled genome and reconstructed the corresponding phylogenetic tree (supplementary fig. S5 , Supplementary Material online). As expected, M. incurvata formed a clade with the rest of metchnikovellids, and the Metchnikovellidae family formed a strongly supported group (with maximum support values for bootstrap and posterior probabilities) branching basally to the clade of canonical, long-branching Microsporidia (which we name here Core Microsporidia). These results support the monophyly of metchnikovellids and their early divergence in the lineage, even though many other nodes in the 18S rRNA gene tree remain unresolved.
To reconstruct a more robust phylogeny for metchnikovellids, we carried out a multigene phylogenomic analysis for several members of the Holomycota. Our ML and BI trees further confirmed that M. incurvata forms a solidly supported monophyletic lineage with Amphiamblys. Despite this, Metchnikovella is only distantly related to Amphiamblys ( fig. 2) , suggesting that the family Metchnikovellidae might encompass a wide diversity of fast-evolving parasites specialized in various hosts. Interestingly, the Metchnikovellidae branched at the base of the fast-evolving, more derived, Core Microsporidia, right after the basal-branching M. daphniae and P. saccamoebae. Their intermediate position between classical Microsporidia with mitosomes, and the basal mitochondriate members M. daphniae and P. saccamoebae and R. allomycis, makes this group interesting for studying the evolutionary path to the extreme genome reduction and specialization undergone by the long-branching Microsporidia.
Molecular analyses based on 18S rRNA gene amplification and sequencing from various environments have uncovered a wide diversity of eukaryotes along the lineage leading to Core Microsporidia, from the very basal rozellids to the metchnikovellid divergence (Lara et al. 2010; Bass et al. 2018) . In addition to this uncharacterized environmental diversity, a few described genera occupy deep-branching positions in this broad lineage based on 18S rRNA gene phylogenies and their further study should shed some light in the evolutionary history of Microsporidia. An example is Nucleophaga, which branches between Paramicrosporidum and metchnikovellids plus the Core Microsporidia (Corsaro et al. 2016 ).
Genome Evolution and Gene Gain and Loss along the Microsporidia Line
We annotated the M. incurvata genome and 11 additional members of the Holomycota clade for 73 different GO terms, and then clustered the annotated genomes according to their gene content similarity ( fig. 3 ). In agreement with their phylogeny, Metchnikovella and Amphiamblys clustered together also according to their gene content. However, the gene content of metchnikovellids has undergone the loss of many core function genes, resembling more that of the highly reduced derived Microsporidia (indicated as Core Microsporidia in fig. 3 ). This suggests that metchnikovellids rely on the assimilation of metabolites from their hosts, as long-branching Microsporidia do. Remarkably, the metabolic core of M. daphniae and P. saccamoebae clustered them with R. allomycis ( fig. 3) . Thus, although Paramicrosporidium and Mitosporidium are considered to be basal microsporidia by some authors (Bass et al. 2018) , their functional gene content is more similar to that of rozellids. This, together with the fact that P. saccamoebae and M. daphniae possess functional mitochondria may question their classification as microsporidia and claims for a taxonomic revision of Microsporidia and Rozellida, the boundaries of which are blurry.
Despite their reduced genomes, Amphiamblys and Metchnikovella still conserve some basic core metabolic pathways, such as the pentose phosphate and glycolysis pathways and trehalose biosynthesis (supplementary table S3, Supplementary Material online). Nevertheless, like most Microsporidia, metchnikovellids cannot synthesize their own nucleotides, amino acids and lack practically all enzymes involved in fatty acid metabolism (supplementary tables S3, S4, Supplementary Material online).
Evolutionary Genomics of Metchnikovella incurvata
Interestingly, unlike both divergent Microsporidia and early branching members of this lineage, the two metchnikovellid species lacked an alternative oxidase and the mitochondrial glycerol-3-phosphate dehydrogenase, one of the two enzymes of the glycerol-3-phosphate shuttle. This may appear surprising, since both are thought to be essential for the viability of microsporidian energy metabolism (Dolgikh et al. 2009; Williams et al. 2010 ). However, metchnikovellids retain a cytosolic glycerol-3-phosphate dehydrogenase (supplementary fig. S6 , Supplementary Material online). This enzyme seems to be important in their metabolism as it may allow the synthesis of glycerol 3-phosphate, the starting material for de novo synthesis of glycerolipids and NAD þ , necessary to maintain the adequate NAD þ cellular levels. The tricarboxylic acid cycle does not seem to be functional in metchnikovellids, although genes for some enzymes of the pathway are still present, namely the citrate synthase (only detected in Amphiamblys sp.) and the malate dehydrogenase (supplementary table S3, Supplementary Material online). The mitochondrial malate dehydrogenase (mMDH) found in M. incurvata and Amphiamblys sp. is absent in all derived Microsporidia. It has been shown that in some cases the function of this enzyme may shift to a lactate dehydrogenase (LDH; Wilks et al. 1988) , which potentially constitutes the final step of anaerobic energy metabolism in metchnikovellids, by balancing the reducing potential of glycolysis. In Amphiamblys sp., this change has been reported to occur when an arginine in a key active site changed to a tyrosine (Mikhailov et al. 2017) . In M. incurvata the change is from arginine to tryptophan, another hydrophobic amino acid (supplementary fig.  S7 , Supplementary Material online). However, it is likely that the enzyme works as a LDH, since the same substitution (Arg102 to a Trp107) functionally turned the MDH into LDH in Apicomplexa, another group of parasitic protists (Boucher et al. 2014) .
One interesting example of differential gene retention in metchnikovellids as compared with core Microsporidia relates to clathrin-coated vesicle formation. Mikhailov et al. (2017) already noted that the Amphiamblys sp. genome encoded several proteins required for the formation of clathrin vesicles. These are lacking in more derived Microsporidia, which have a highly reduced endocytic machinery. We identified in M. incurvata 10 out of the 12 genes involved in clathrin-coated vesicle formation present in Amphiamblys sp. (supplementary  table S5 , Supplementary Material online). We failed to identify an actin-binding WH2 domain (PF02205) and an ARP2/3 complex subunit ARPC3 (PF04062). Since our genome is not complete, the presence of these two genes cannot be discarded. In addition, we do find fragments of other members of the two respective families: WH1 (PF00568) and 2 subunits of the complex ARP2/3 (PF04045 and PF05856). Therefore, with the data available for the two metchnikovellid genomes, the endocytic components of the clathrin vesiclemediated transport seem to be conserved in metchnikovellids, making it one of the main distinctions of this group from more derived Microsporidia.
Microsporidian genomes are among the fastest-evolving eukaryotic genomes (Thomarat et al. 2004 ). This high evolutionary rates, which make this group prone to long-branch attraction artifacts, made it difficult for a long time to place 
Microsporidia in the tree of life (Capella-Guti errez et al. 2012). Since Microsporidia have highly reduced genomes, we asked whether the loss of genes involved in DNA repair might have been responsible for an augmentation of mutation rates. We thus searched for genes in the five main GO terms involved in DNA repair (homologous recombination, nonhomologous end joining, mismatch repair, nucleotide-excision repair, and base-excision repair) in 27 opisthokont genomes. We found that Microsporidia, including metchnikovellids, do indeed have a lower number of genes involved in DNA repair (supplementary table S6; fig. S8, Supplementary Material online) . Even in the case of nucleotide-excision repair, where gene loss might appear less important that in other DNA repair systems (supplementary fig. S8 , Supplementary Material online), the two metchnikovellid genomes have a gene reduction of circa 50% as compared with more basal opisthokonts (Amphiamblys, 41 genes; M. incurvata, 46 genes; vs. e.g., S. rosetta, 98 genes; T. trahens, 78 genes; R. allomycis, 80 genes; supplementary table S6, Supplementary Material online). Therefore, this loss of genes involved in DNA repair is likely one of the causes leading to the increased evolutionary rates seen in Microsporidia. A high mutation and recombination rate may be at the origin of pseudogenization and gene loss but, at the same time, offers a powerful mean to successfully cope with the arms race established with the microsporidian hosts.
Microsporidia have acquired several genes through HGT (Alsmark et al. 2013; Alexander et al. 2016) . In highly reduced genomes, these genes may play important adaptive roles. A paradigmatic example is the acquisition of a bacterial ATP/ ADP translocase of probable chlamydial origin, which is responsible for the import of ATP from the host (Tsaousis et al. 2008) . However, we did not find this ATP/ADP translocase family or any other paralogue in the M. incurvata genome. The family is also missing in Amphiamblys sp., M. daphniae, and P. saccamoebae. Although the two metchnikovellid genomes available are not fully complete, it is unlikely that this gene was missed in the both genomes. This observation might suggest that the ATP/ADP translocase family was acquired by HGT after the divergence of Metchnikovellidae. However, since this gene family is also present in the rozellid R. allomycis (James et al. 2013) , an alternative explanation is that the gene was acquired by a common ancestor of R. allomycis and Microsporidia (Dean et al. 2018) , and later lost in the Metchnikovellidae.
It has been proposed that, in Amphiamblys sp., a gene related to the mitochondrial carrier protein family (MCF) might have evolved for nucleotide transport, playing a role in mitosomal metabolism (Mikhailov et al. 2017) . This MCF gene is found in fungi (e.g., Saccharomyces cerevisiae) and other holomycota, and originally transported inorganic phosphate into the mitochondrion. We found the same gene in M. incurvata, and in fact, it is the only MCF member still retained in the metchnikovellid genomes (supplementary fig. S9 , Supplementary Material online). Although we observe that the gene is also found in early-branching members that produce ATP with active mitochondria (M. daphniae, P. saccamoebae, R. allomycis, and the aphelid Paraphelidium tribonemae), it is unrelated to MCF genes found in the latebranching microsporidium A. locustae.
However, the MCF gene previously identified in A. locustae (Williams et al. 2008) derived from an EST and is not actually encoded in the available genome sequence for A. locustae, such that it represents a potential contaminant gene. If this is indeed the case, the MCF gene would have been retained only in metchnikovellids and basal members of the lineage and later lost in Core Microsporidia. The presence of MCF gene homologues in both M. incurvata and Amphiamblys sp. supports the idea that MCF is retained in metchnikovellids. Moreover, the M. incurvata contig in which the MCF gene is located has a total length of 19,629 bp and encodes 10 eukaryotic proteins. When blasted, all proteins except one (which is fragmented) have homologs in Amphiamblys sp. This further confirms that this MCP gene belongs to the M. incurvata genome and is not a contaminant. Metchnikovellids are the only Microsporidia with no functional aerobic mitochondria still conserving this gene. Although experimental and cellular localization evidence are still lacking, we might hypothesize that this MCF has become an ATP transporter in metchnikovellids, evolving its function to pump ATP from their hosts.
In addition to the canonical ATP/ADP translocase family, we have studied other 15 published cases of HGT that are widespread in different Microsporidia. We searched for these markers in 19 genomes of derived Microsporidia, metchnikovellids and basal members of the group (supplementary table S7, Supplementary Material online). In the M. incurvata genome we found only one out of the 15 transferred genes, the manganese superoxide dismutase (MnSOD; Xiang et al. 2010 ). The ML tree of this protein including members of bacteria, Microsporidia, and various other eukaryotes supports several independent acquisitions of the MnSOD gene by members of Microsporidia and Rozellida from various bacterial donors (supplementary fig. S10 , Supplementary Material online). These transfers affect the Metchnikovellidae (both M. incurvata and Amphiamblys sp.), the microsporidium A. locustae, and the remaining derived Microsporidia. Independent acquisitions of the MnSOD gene occur also in aphelids (P. tribonemae; Torruella et al. submitted) and the two parasitic anaerobic gut fungi Piromyces finnis and Anaeromyces robustus (supplementary fig. S10 , Supplementary Material online). These multiple acquisitions likely reflect an important adaptive function. In fact, the MnSOD gene seems to play a key role in protecting anaerobic life from the well-known deleterious effects of oxygen (Holley et al. 2011) . Several examples, mainly in bacteria and yeast, have shown that cells expressing MnSOD as a result of stimulation with high oxygen levels were more resistant to hyperbaric oxygen concentrations (Gregory and Fridovich 1973; Gregory et al. 1974 ). The recurrent acquisition of the MnSOD gene in Microsporidia might be therefore linked to cell protection against reactive oxygen species.
To have a global overview on the genome evolution in metchnikovellids and in other Microsporidia, we carried out a gain and loss analysis using the reconstructed phylogeny of Microsporidia as a backbone and applying Dollo parsimony on protein orthogroups ( fig. 4 ; supplementary tables S8-S10, Supplementary Material online). As shown in figure 4 , an important proportion of orthogroups were lost at the beginning of the diversification of a clade comprising R. allomycis, P. saccamoebae and the mitochondriate microsporidium M. daphniae. This early genome reduction undergone by Microsporidia might relate with the transition towards an obligatory intracellular parasite lifestyle (Heinz et al. 2012; Nakjang et al. 2013) . Metchnikovellids occupy an intermediate position along the microsporidian branch. We found 213 gains of specific orthogroups in these organisms, including 561 proteins, of which 251 correspond to Amphiamblys sp. and 310 to M. incurvata. HMMR searches using EggNOG v4.5 for the 561 metchnikovellid proteins retrieved homologues only for 11 Amphiamblys sp. and 15 M. incurvata proteins in this database. These proteins included 17 orthogroups comprising 37 proteins (11 of them did not return positive hits; supplementary table S11, Supplementary Material online), which likely correspond to genes retained from the common Microsporidia ancestor. However, we found 524 proteins present in both M. incurvata and Amphiamblys sp. grouped in 196 orthogroups without relatives in other lineages. These genes were probably gained by metchnikovellids (supplementary table S120, Supplementary Material online), implying that soon after the important gene loss experienced by the microsporidian ancestors, gene gain started to overcome gene loss, coinciding with the diversification of longbranch Microsporidia. Indeed, there is also a remarkable process of gene gain at the node leading to one of the most derived lineages of Microsporidia, comprising Ordospora colligata and the Encephalitozoon clade. This clade comprises Microsporidia with some of the most simplified genomes (Corradi et al. 2010) suggesting that genome reduction and evolution of new markers have co-occurred during the adaptation of Microsporidia to their hosts. However, we cannot completely exclude the possibility that gene losses and gains actually correspond to genes that have evolved beyond recognition (even if some are likely true new genes and clearly adaptive). Collectively, these observations of gene gain reflect FIG. 4 .-Gain and loss of protein orthogroups along the evolutionary lineage of Microsporidia, based on a BI phylogeny from the multigene data set. Pie charts at nodes represent the total gains (green) and losses (red) shown respectively in numbers above and below the pie charts. The deepest node indicates the estimated number of ancestral protein orthogroups (5, 797). The Venn diagram represents the total number of protein orthogroups shared between 37 opisthokont proteomes grouped into metchnikovellids (2 proteomes), Microsporidia (13 proteomes), Fungi þ Holozoa þ Amoebozoa þ T. trahens (19 proteomes) and M. daphniae þ P. saccamoebae þ R. allomycis (3 proteomes).
Evolutionary Genomics of Metchnikovella incurvata specialization to different hosts, likely achieved by the acquisition of some adaptive genes. Thus, as derived Microsporidia diversified, gene losses started to overcome gains and they became progressively more adapted to their parasitic lifestyle.
Conclusions
Phylogenomic analyses using data from the M. incurvata genome have confirmed that the Metchnikovellidae are a deepbranching group inside the Microsporidia, and the deepest of those without functional mitochondria. Comparative analysis of the two available metchnikovellid genomes confirmed that gene complement resembles more to those of typical derived Microsporidia than to those of the less derived mitochondriate M. daphniae, P. saccamoebae, and R. allomycis. We observed a reduction of DNA repair pathways, which seems to correlate with the high evolutionary rates seen in the clade. Interestingly, the typical microsporidian ATP/ADP translocase family does not seem to be present in any of the two metchnikovellid genomes. We hypothesize that this gene was replaced by a MCF gene that became an ATP transporter. Lastly, our gain and loss analysis suggests that reductive evolution is not the only ongoing process in Microsporidia and that the evolution of new genes has also taken place during the adaptation of Microsporidia to their hosts.
Both phylogenomic and comparative genomic analyses rise the need for taxonomic revision of Microsporidia and Rozellida, since the boundaries between them are blurry. For this, is essential to continue with the surveys and sequencing efforts for new members of the group, which will help to fill the gap in knowledge still present in the evolution of the clade.
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